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The 5-HT4 receptor interacts with adhesion molecule L1
to modulate morphogenic signaling in neurons
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ABSTRACT
Morphological remodeling of dendritic spines is critically involved in
memory formation and depends on adhesion molecules. Serotonin
receptors are also implicated in this remodeling, though the underlying
mechanisms remain enigmatic. Here, we uncovered a signaling
pathway involving the adhesion molecule L1CAM (L1) and serotonin
receptor 5-HT4 (5-HT4R, encoded byHTR4). Using Förster resonance
energy transfer (FRET) imaging, we demonstrated a physical
interaction between 5-HT4R and L1, and found that 5-HT4R–L1
heterodimerization facilitates mitogen-activated protein kinase
activation in a Gs-dependent manner. We also found that 5-HT4R–
L1-mediated signaling is involved in G13-dependent modulation of
cofilin-1 activity. In hippocampal neurons in vitro, the 5-HT4R–L1
pathway triggers maturation of dendritic spines. Thus, the 5-HT4R–L1
signaling module represents a previously unknownmolecular pathway
regulating synaptic remodeling.
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INTRODUCTION
Understanding the molecular mechanisms regulating neuronal
morphology and synaptogenesis is a central point in studies
investigating potential strategies for the treatment of neurological
and psychiatric diseases. One of the signaling molecules critically
involved in neurogenesis, neurite outgrowth, dendritic spine formation
and synaptic plasticity is serotonin, or 5-hydroxytryptamine (5-HT).
Serotonin operates through the activation of a heterogeneous group of
specific 5-HT receptors with different functions (Herr et al., 2017;
Mawe and Hoffman, 2013; Müller and Cunningham, 2020; Wirth
et al., 2017). One of these receptors, serotonin receptor 5-HT4 (5-
HT4R, encoded byHTR4), is known to regulate learning and memory,
and is also involved in several neurological disorders (Eglen et al.,
1995; Johnson et al., 2012; Lo et al., 2014; Lucas et al., 2007;

Marchetti et al., 2011). The 5-HT4R is a seven transmembrane domain
receptor that exerts its effects through coupling to the heterotrimeric Gs

protein, which activates adenylyl cyclase, inducing an increase in
cAMP levels and subsequent increase in phosphorylation of
downstream effectors mediated by ERK (ERK1 and ERK2, also
known as MAPK3 and MAPK1) (Bockaert et al., 1990; Heine et al.,
2002; Norum et al., 2003). We have also shown that the 5-HT4R is
coupled to G13 proteins to activate the small GTPase RhoA, leading to
changes in cellular morphology and spine maturation via modulation
of cofilin phosphorylation and actin polymerization (Ponimaskin et al.,
2002; Schill et al., 2020). Several studies have suggested that the
functions of the 5-HT4R may be regulated through receptor homo-
oligomerization (Pellissier et al., 2011), or through hetero-
oligomerization with other G-protein-coupled receptors (GPCRs)
(Berthouze et al., 2005). However, no published investigations have
demonstrated an interaction of the 5-HT4R with non-GPCR proteins
(e.g. cell adhesion molecules or cellular matrix proteins) known to
modulate the cytoskeleton and/or cellular morphology.

One of the cell adhesion molecules critically involved in neuronal
migration, axonal development, growth cone formation, guidance of
axons and synaptic plasticity is the adhesion molecule L1CAM (L1;
Luthi et al., 1996; Maness and Schachner, 2007; Patzke et al., 2016;
Sytnyk et al., 2017). L1 is also beneficial for repair processes in the
adult central nervous system (CNS) of vertebrates by promoting
axonal growth and neuronal survival (Chen et al., 2007; Roonprapunt
et al., 2003; Zhang et al., 2005). L1 mutations have been found in
certain forms of X-linked mental retardation (Kenwrick et al., 2000),
and polymorphisms in the L1 gene are associated with schizophrenia
in some populations (Frints et al., 2003; Kurumaji et al., 2001). L1
can also contribute to stress-related mood disorders and depression in
humans, as well as animal models of depression (Laifenfeld et al.,
2005; Sandi and Bisaz, 2007). Similar to the 5-HT4R, the role of L1
in the regulation of neuronal morphology has been demonstrated by
L1-dependent cofilin phosphorylation and neurite outgrowth (Figge
et al., 2012). In addition, L1-mediated ERK activation after the
application of function-triggering antibodies to L1 may be important
for the regulation of neuronal cell functions (Schmid et al., 2004). L1
consists of six immunoglobulin (Ig) domains, five fibronectin type III
domains, a single transmembrane region and an intracellular domain
(Moos et al., 1988). The second Ig domain, but not the cytoplasmic
domain, has been shown to be involved in homophilic binding
(Hortsch et al., 1995;Wong et al., 1995; Zhao and Siu, 1995). L1 can
operate as a heterophilic binding partner with FGF, other cell
adhesion molecules (CAMs), integrins and proteoglycans, and this
interaction is involved in neurite extension and axonal growth
(DeBernardo and Chang, 1996; Doherty and Walsh, 1996; Gibson,
2011; Hall et al., 2004; Hortsch et al., 2009; Milev et al., 1994;
Schmid and Maness, 2008). However, the mechanisms underlying
signaling transduction are not fully understood.
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In the present study, we demonstrated that the 5-HT4R
physically interacts with L1, and this interaction facilitates
receptor-mediated phosphorylation of ERK in a Gαs-dependent
manner. We also demonstrated that 5-HT4R–L1-mediated signaling
is involved in the modulation of cofilin-1 phosphorylation and
receptor-dependent spine maturation in hippocampal neurons.

RESULTS
5-HT4R and L1 physically interact at the plasma membrane
of HEK cells
We analyzed the interaction between the 5-HT4R and L1 at the cell
membrane of transfected living HEK cells, which do not express
endogenous 5-HT4R and L1, allowing us to observe the interaction

of the recombinant proteins without significant involvement of
endogenous proteins using the Förster resonance energy transfer
(FRET) approach. We measured FRET occurrence between
5-HT4R–mTurquoise2 (mTq2) (donor) and L1–YPet (acceptor)
using the linear unmixing (lux)-FRET method (Wlodarczyk et al.,
2008). Confocal microscopic analysis revealed that 5-HT4R–mTq2
and L1–YPet colocalized at the plasma membrane of HEK cells
(Fig. 1A), where they were expressed at similar concentrations, as
indicated by the donor molar fraction, xD, in the range of 0.5
(Fig. S1). The lux-FRET analysis indicated high apparent FRET
efficiency (EfDA) for 5-HT4R–mTq2 and L1–YPet (18.4%±0.2%,
mean±s.e.m.; Fig. 1B,C), suggesting a specific interaction between
these proteins. As a negative control, we used CD86 protein

Fig. 1. The 5-HT4R and L1 interact directly at the plasmamembrane of transfected HEK cells. (A) Distribution of 5-HT4R–mTq2 and L1–Ypet (upper panel),
CD86–mTq2 andCD86–Ypet (lower panel), and amerged image calculated by linear unmixing of the fluorescence emission spectra. (B) The representative cells
from A, showing apparent FRET efficiency (EfDA) between 5-HT4R–mTq2 and L1–Ypet (left), and no FRET appearance between CD86–mTq2 and CD86–Ypet
(right). (C) Quantitative analysis of FRET efficiencies between 5-HT4R–mTq2 and L1–Ypet (EfDA=18.4%±0.2%), and between CD86–mTq2 and CD86–YPet
(EfDA=6.3%±0.2%). Data are presented as mean±s.e.m. The n is indicated in the bars and represents the total number of cells/total number of independent
cultures. ***P<0.001 (unpaired, two-tailed Student’s t-test). (D,E) Co-IP experiments of recombinant 5-HT4R–HA and L1–eGFP in HEK cells. Top: expression of
proteins after immunoprecipitation (Co-IP). Bottom: expression of proteins before immunoprecipitation (Input; 5% of total lysate). Co-transf, lysates from co-
transfected cells; Mix, mixed lysates from singly transfected cells; WB, western blot. Representative images from at least four independent experiments.
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(Fig. 1A), which is known to be a monomer at the plasmamembrane
(Van Gijsegem et al., 2008). The EfDA between CD86–mTq2 and
CD86–YPet was 6.3%±0.2% (Fig. 1B,C).
The interaction between the 5-HT4R and L1was further confirmed

by co-immunoprecipitation (co-IP) experiments using plasma
membrane fractions isolated from HEK cells co-transfected with 5-
HT4R–HA and L1–eGFP. After immunoprecipitation with an anti-
HA antibody, the eGFP signal was detected only in samples derived
from cells co-expressing 5-HT4R–HA and L1–eGFP (Fig. 1D). In
addition to the full-length L1–eGFP (∼227 and 247 kDa,
corresponding to the phosphorylated and non-phosphorylated
forms of L1, respectively), we observed a band of ∼107 kDa,
which corresponds to the membrane-spanning C-terminal 80 kDa L1
fragment (L1-80 kDa) tagged with eGFP (Fig. S3A). In contrast to
input lysates, there were neither C-terminal 32 kDa (L1-32 kDa) nor
28 kDa (L1-28 kDa) fragments of L1 (i.e. 59 kDa and 55 kDa
fragments, respectively, when tagged with eGFP) detectable after
precipitation with anti-HA antibody (Fig. S3A). Notably, in mixed
lysates from cells after single transfection with 5-HT4R–HA or L1–
eGFP, no co-IP was detected (Fig. 1D,Mix), indicating an absence of
artificial protein interaction because of overexpression. In addition,
no eGFP signal was detectable after transfection with 5-HT4R–HA
or L1–eGFP alone. Similar results were obtained after
immunoprecipitation with anti-GFP antibody followed by western
blotting using an antibody against the HA tag; the HA signal was
identified only in samples derived from cells co-expressing 5-HT4R–
HA and L1–eGFP (Fig. 1E). Taken together, the results of the lux-
FRET analysis and co-IP experiments suggested a physical
interaction between the 5-HT4R, full-length L1 and L1-80 kDa at
the plasma membrane.

Co-expression of L1 facilitates 5-HT4R-mediated ERK
activation in a Gαs-dependent manner
Activation of 5-HT4R has previously been demonstrated to result in
increased ERKphosphorylation in transfectedHEK293 cells (Barthet

et al., 2007). To verify the role of the 5-HT4R–L1 interaction in ERK
phosphorylation, we incubated the lysates of HEK cells co-
transfected with 5-HT4R–mCherry and L1–eGFP with antibodies
against phosphorylated ERK (pERK) or ERK. Expression of L1
alone did not modulate ERK activation, whereas cells transfected
with the 5-HT4R exhibited increased ERK phosphorylation upon
receptor stimulation with the 5-HT4R agonist BIMU8 (pERK:ERK
ratio 21.2±2.6, mean±s.e.m.; Fig. 2A,B). Co-expression of the
receptor with L1 led to significant facilitation of BIMU8-mediated
ERK activation (pERK:ERK ratio 47.9±5.1; Fig. 2A,B). This
response was 5-HT4R-dependent because it was completely
blocked by pre-treatment with the selective receptor antagonist
GR113808. In control experiments (pcDNA), we did not detect any
changes in ERK phosphorylation upon BIMU8 treatment (Fig. 2A,
B). These results suggest that the interaction between the 5-HT4R and
L1 facilitates receptor-mediated signaling towards ERK activation.
Notably, co-expression of 5-HT4R and L1 induced the appearance of
L1-32 kDa and L1-28 kDa fragments (detectable as bands with
molecular weight of 59 kDa and 55 kDa; Fig. S3B) compared to the
L1 expression alone.

To better understand the underlying molecular mechanisms, we
evaluated the possible implication of the heterotrimeric Gs protein, a
canonical downstream effector of the 5-HT4R (Ponimaskin et al.,
2002). We developed a set of specific shRNAs that highly selectively
knocked down Gαs expression (Fig. S2A,B). To test whether Gαs
plays a role in increased ERK phosphorylation after co-expression of
the 5-HT4R and L1, we compared ERK activation in cells expressing
5-HT4R alone or co-expressing 5-HT4R and L1, paralleled by
silencing of Gαs using shRNA. In this experiment, we also observed
L1-80 kDa and L1-32 kDa fragments (Fig. S4A), although the
appearance of the L1-32 kDa fragment was not so pronounced as in
experiments without shRNA application (Fig. S3A,B). Western blot
analysis revealed that, in experiments using cells transfected with
5-HT4R and shRNA against Gαs, treatment with BIMU8 still resulted
in a significant increase in ERK phosphorylation (Fig. 3). This

Fig. 2. Interaction between the 5-HT4R and L1 increases ERK phosphorylation in transfected HEK cells. (A) HEK cells transfected with control vector
(pcDNA), 5-HT4R–mCherry (5-HT4R), L1–eGFP (L1), or both 5-HT4R–mCherry and L1–eGFP (5-HT4R/L1) were treated with BIMU8 (5-HT4R agonist)
and/or GR113808 (GR; 5-HT4R antagonist), or with water as a vehicle control, and lysates were blotted for the indicated proteins. GAPDH is shown as a loading
control. In HEK cells co-transfected with 5-HT4R–mCherry and L1–eGFP, application of BIMU8 leads to a 2-fold increase in ERK phosphorylation (pERK)
compared to HEK cells with a single 5-HT4R transfection. (B) Quantitative analysis of pERK:ERK ratio in western blotting experiments. Data are presented as
mean±s.e.m. (n=4). ***P<0.001 (two-way ANOVA with Tukey’s post hoc test).
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observation is in line with earlier studies showing that the 5-HT4R
activates the ERK pathway in a Gs–cAMP–PKA-independent
manner (Barthet et al., 2007). More importantly, silencing of Gαs
significantly reduced the ERK phosphorylation mediated by BIMU8
in cells co-expressing 5-HT4R–L1 compared to that in cells
co-transfected with scrambled shRNA (Fig. 3A,B). This finding
suggests that, in the case of the 5-HT4R–L1 interaction, the Gαs
subunit may be recruited as an additional downstream effector
regulating ERK phosphorylation.

Interaction between the 5-HT4R and L1 modulates cofilin-1
phosphorylation
The 5-HT4R activates the heterotrimeric G13 protein, resulting in
RhoA-dependent neurite retraction and cell rounding under basal
conditions and after agonist stimulation (Ponimaskin et al., 2002).
Moreover, our recent study provided evidence that the 5-HT4R–
G13–RhoA signaling cascade stimulates phosphorylation of the
actin-binding protein cofilin in neuroblastoma N1E-115 cells, as
well as in neurons (Schill et al., 2020).
To study the role of the 5-HT4R–L1 interaction in G13-mediated

cofilin phosphorylation, we developed a set of specific shRNAs that
highly selectively knocked down expression of Gα13 (Fig. S2C,D).
Similarly to results obtained in experiments with shRNA targeting
Gαs, we obtained the full-length L1, along with L1-80 kDa fragments
and a weak band corresponding to the L1-32 kDa fragment (Fig.
S4B). In control experiments (scrambled shRNA), BIMU8
stimulation of the 5-HT4R expressed either alone or together with
L1 did not result in any significant increase in cofilin-1
phosphorylation in HEK cells (Fig. 4A,B). However, silencing of
Gα13 led to a significant BIMU8-mediated increase in cofilin-1
phosphorylation only in cells co-expressing 5-HT4R and L1, and not
in cells expressing 5-HT4R or L1 alone (Fig. 4). This result suggests
that the 5-HT4R–L1 interaction co-activates an additional signaling
pathway that inhibits cofilin-1 phosphorylation via Gα13.

5-HT4R interacts with L1 in the mouse brain
Next, we investigated whether the endogenous 5-HT4R and L1
interact in the mouse brain by immunolabeling with specific
antibodies against 5-HT4R and L1. Microscopic analysis revealed
tight colocalization of the 5-HT4R and L1 immunolabeling in the
hippocampal CA3 subfield, primary somatosensory, secondary
visual and secondary auditory cortex (Fig. 5A). Direct evidence of
an interaction between the 5-HT4R and L1 was provided in co-IP
experiments in the cortex and hippocampus. Fig. 5B shows that,
after immunoprecipitation with an antibody against L1, 5-HT4Rwas
identified in both cortex and hippocampal lysates, suggesting a
physical interaction between 5-HT4R and L1 in vivo.

The 5-HT4R–L1 module mediates spine maturation but not
synaptogenesis in hippocampal neurons
The formation of primary dendrites and dendrite branching are both
promoted by activation of the 5-HT4R in developing rat hippocampal
neurons in vitro (Kozono et al., 2017). We recently demonstrated that
the 5-HT4R is involved in functional maturation of dendritic spines
(Schill et al., 2020). To elucidate the role of the 5-HT4R–L1 complex
in spine formation and synaptogenesis, we used primary cultures
of hippocampal neurons, which allowed visualization of the
morphological changes. We investigated neurons after 12 days in
vitro (DIV12), when well-defined synapses are already formed
(Bartrup et al., 1997; Kobe et al., 2012). We observed the membrane
distribution of the 5-HT4R and L1 as well as their colocalization at the
cell soma and synapses, as identified by the presynaptic marker
synaptophysin (De Paola et al., 2003) (Fig. 6A).

In line with our recent data (Schill et al., 2020), 5-HT4R
activation with BIMU8 significantly increased the number of
mushroom spines in neurons transfected with scrambled shRNA
(Fig. 6B,C). After selective knockdown of L1 using shRNA, we
observed a BIMU8-mediated increase in the number of mushroom
spines. However, this increase was significantly diminished

Fig. 3. Interaction between the 5-HT4R and L1 induces an increase in ERK phosphorylation via Gαs. (A) HEK cells transfected with control vector (pcDNA),
5-HT4R–mCherry (5-HT4R), L1–eGFP (L1), or both 5-HT4R–mCherry and L1–eGFP (5-HT4R/L1) were treated with BIMU8 (5-HT4R agonist) or with water as a
vehicle control, and lysates were blotted for the indicated proteins. GAPDH is shown as a loading control. In HEK cells co-transfected with 5-HT4R and L1,
treatment with BIMU8 leads to increased ERK phosphorylation (pERK). This effect is significantly reduced by shRNA against Gαs (shRNA Gαs). Non-targeting
shRNA was used as a control (shRNA scrambled). (B) Quantitative analysis of pERK:ERK ratio in western blotting experiments. Data are presented as
mean±s.e.m. (n=3). *P<0.05; **P<0.01; ns, not significant (two-way ANOVA with Tukey’s post hoc test).
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compared to the increase observed in the BIMU8-treated neurons
transfected with scrambled shRNA (Fig. 6B,C). These effects were
L1-specific, because they were completely rescued by transfection
of neurons with the shRNA-resistant L1–eGFP (Fig. S5). Notably,
the overall spine density was not affected by stimulation of the
5-HT4R with BIMU8 in neuronal cultures transfected with
scrambled shRNA (Fig. 6B,C), which is in agreement with our
recent study (Schill et al., 2020). Taken together, our data suggest
that the 5-HT4R–L1 complex is involved in spine maturation.
To determine whether the 5-HT4R–L1 complex affects synaptic

density, we quantified the number of synapses by labeling
scrambled shRNA RFP-transfected neurons or L1 shRNA-
mCherry-transfected neurons with synaptophysin. Silencing of L1
caused a significant decrease in the number of synapses in all three
sets of experimental treatments compared to the number of synapses
in neurons transfected with scrambled shRNA (Fig. 7A,B), but
stimulation or inhibition of 5-HT4R had no effect.

DISCUSSION
The 5-HT4R is known to be involved in the regulation of neuronal
morphogenesis and synaptic plasticity (Hagena and Manahan-
Vaughan, 2017; Kozono et al., 2017). We recently demonstrated
that 5-HT4R activation triggers the maturation of dendritic spines in
parallel with transient alteration of cell excitability (Schill et al.,
2020). Several studies have suggested that the function of the 5-
HT4R is dependent on its ability to form homodimers and
heterodimers with other 5-HT4R isoforms, as well as with
receptors from other families, such as β2-adrenergic receptor
(Berthouze et al., 2005). Here, using a FRET-based approach, co-
IP and immunofluorescence microscopy, we identified the adhesion
molecule L1 as a new interaction partner of 5-HT4R in the
modulation of intracellular signaling influencing spine maturation.
Results of our co-IP experiments in transfected HEK cells suggest

that the 5-HT4R can interact with both full-length L1 as well as L1

fragments of 80 kDa. The latter has been previously identified a
product of proteolytic cleavage of the L1 within its third fibronectin
type III (FN III) domain by the serine proteases trypsin (Sadoul
et al., 1988), proprotein convertase PC5a (encoded by PCSK5;
Kalus et al., 2003) and plasmin (Mechtersheimer et al., 2001;
Nayeem et al., 1999). Other proteases, including ADAM10,
ADAM17 (Beer et al., 1999; Gutwein et al., 2003; Maretzky
et al., 2005; Mechtersheimer et al., 2001) and serine protease
neuropsin (encoded by KLK8; Matsumoto-Miyai et al., 2003), can
cleave L1 at similar position. Similarly to the 80 kDa L1 fragment,
the 32 kDa L1 fragment generated by ADAM10 (Gutwein et al.,
2003) is also membrane-bound. Its proteolytic processing by γ-
secretase generates a soluble intracellular 28 kDa fragment, shown
to enter the nucleus and to modulate gene expression (Riedle et al.,
2009). As transmembrane fragments of L1 are involved in
regulation of multiple neuronal functions, including neuronal
outgrowth, guidance, fasciculation, myelination and
synaptogenesis (Kalus et al., 2006; Lutz et al., 2014a,b, 2017,
2012; Maretzky et al., 2005), we assume that their interaction with
5-HT4R might represent a mechanism for the fine-tuning of a wide
range of L1-mediated functions.

Our co-IP experiments in transfected HEK cells also revealed the
appearance of two L1 bands as a full-length L1 (220 kDa) and its
membrane-bound fragment (80 kDa). We suppose that the
intracellular and/or transmembrane part of L1 would interact with
the receptor. Two lines of evidence support this view: (1) it has been
shown that the interaction between serotonin 2C (5-HT2C) receptor
and close homolog of the L1, CHL1, occurs via the third intracellular
loop of the receptor and intracellular part of CHL1 (Kleene et al.,
2015); (2) we have previously shown that transmembrane domains
TM4 and TM5 can form an interaction interface in case of 5-HT1A
receptor dimerization (Gorinski et al., 2012). We assume that the
5-HT4R interacts with the cytosolic L1 terminus in a homologous
manner.

Fig. 4. Interaction between the 5-HT4R and L1 increases cofilin-1 phosphorylation after silencing of Gα13. (A) HEK cells transfected with control vector
(pcDNA), 5-HT4R–mCherry (5-HT4R), L1–eGFP (L1), or both 5-HT4R–mCherry and L1–eGFP (5-HT4R/L1) were treated with BIMU8 (5-HT4R agonist) or with
water as a vehicle control, and lysates were blotted for the indicated proteins. GAPDH is shown as a loading control. In HEK cells co-transfected with
5-HT4R and L1, treatment with BIMU8 resulted in increased cofilin-1 phosphorylation (pCofilin) after silencing of Gα13 (shRNA Gα13). Non-targeting shRNAwas
used as a control (shRNA scrambled). (B) Quantitative analysis of pCofilin:cofilin ratio in western blotting experiments. Data are presented as mean±s.e.m. (n=3).
**P<0.01; ***P<0.001; ns, not significant (two-way ANOVA with Tukey’s post hoc test).
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In addition to the colocalization of the 5-HT4R and L1 at the
plasma membrane of transfected HEK cells, we observed
intracellular L1 expression in transfected HEK cells, which is in
accordance with previous studies demonstrating that L1 can be
localized not only at the cell surface but also in the Golgi complex
within the transfected human ovarian carcinoma cell line (Gutwein

et al., 2003). Also the 5-HT4R has been shown to reside in the Golgi
complex, in addition to its membrane expression, in transfected
N1E-115 cells (Niebert et al., 2017). We thus assume that the
colocalization of the 5-HT4R and L1 might reflect their
heterodimerization during trafficking from the Golgi complex to
the cell surface.

Fig. 5. 5-HT4R and L1 colocalize and interact in the mouse brain. (A) Immunofluorescence analysis of mouse brain sections (left, low magnification; dashed
boxes indicate regions shown at high magnification on the right) illustrating the distribution and colocalization (arrows) of the 5-HT4R (green) and L1 (red) in
hippocampal (Hipp) and cortical (Crtx) neurons. (B) Co-IP experiments demonstrate the interaction between the 5-HT4R and L1 in themouse hippocampus (Hipp)
and cortex (Crtx) homogenates. Input blots show 25% of total lysate used in co-IP. Addition of a specific blocking peptide demonstrates anti-5-HT4R antibody
specificity. M, marker lane; IP, immunoprecipitation; Ig, IgG antibody (negative control); WB, western blot.
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Fig. 6. See next page for legend.
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We demonstrated that the 5-HT4R–L1 interaction results in a
strong facilitation of 5-HT4R-mediated ERK phosphorylation. L1
alone did not have any effect on ERK activation, and requires
application of its specific function-triggering antibody to modulate
ERK (Schmid et al., 2004, 2000). The 5-HT4R can induce ERK
phosphorylation via activation of Gs-mediated signaling and/or
β-arrestin1–Src-associated ERK activation (Barthet et al., 2009,
2007). The results of our experiments support the Src-dependent
scenario. Knocking down the Gαs subunit in cells expressing
5-HT4R alone did not affect BIMU8-mediated ERK activation,
demonstrating that activation of 5-HT4R in HEK cells leads to
Gs-independent ERK activation. In contrast, silencing the Gαs
subunit in 5-HT4R–L1 co-transfected HEK cells led to a significant
reduction in BIMU8-mediated ERK phosphorylation to the levels
obtained in cells transfected with scrambled shRNA and expressing
5-HT4R alone. These data suggest that heterodimerization of
5-HT4R and L1 can increase ERK activation through additional
recruitment of Gs-mediated signaling (Fig. 8).
Our recent study linked 5-HT4R-mediated changes in dendritic

spine morphology to the G13/RhoA/cofilin signaling pathway (Schill
et al., 2020). In the present study, we evaluated the role of 5-HT4R–L1
heterodimerization in regulating this pathway by silencing the Gα13
subunit and analyzing receptor-mediated cofilin-1 phosphorylation in
HEK cells. Interestingly, we found a significant increase in BIMU8-
induced cofilin-1 phosphorylation after knocking down the Gα13
subunit in cells co-expressing 5-HT4R and L1. These results suggest
that the 5-HT4R–L1 interaction activates an additional signaling
pathway leading to cofilin-1 phosphorylation, which is actively
inhibited by G13 (Fig. 8). One possible mechanism may be related to
PAK–LIMK activation, with a subsequent increase in cofilin
phosphorylation (Arber et al., 1998; Edwards et al., 1999; Schmid
et al., 2004; Yang et al., 1998). Increased cofilin-1 phosphorylation
after the ablation of G13 can also be explained by possible alterations
in the activity of other kinases, such as testicular protein kinase 1 and 2
(TESK1 and TESK2; Toshima et al., 2001a,b), or phosphatases of the
slingshot family or the phosphatase chronophin (encoded by PDXP),
which are known to dephosphorylate cofilin at Ser3 (Gohla et al.,
2005; Niwa et al., 2002).
One important consequence of 5-HT4R stimulation is maturation

and stabilization of dendritic spines via G13-dependent activation of
RhoA (Schill et al., 2020). Here, we demonstrated that L1 strongly
facilitates these receptor-mediated effects. One possible mechanism
of 5-HT4R–L1-mediated spine maturation may be related to the
increased ERK phosphorylation observed in our in vitro
experiments with HEK cells. PKC- and ERK-mediated mushroom
spine formation, which is associated with a long-term increase in
network activity and functional synaptic connectivity, has been
demonstrated in dissociated rat hippocampal cell culture (Goldin
and Segal, 2003). Alternatively, the coupling of 5-HT4R to L1 can

modulate multiple spatiotemporal Rho GTPase signaling networks
involved in different morphological processes, including guanine-
nucleotide-exchange factors (GEFs), GTPase-activating proteins
(GAPs), GTPases and effectors. GEF proteins play a pivotal role in
the activation of small GTPases by promoting GDP–GTP
exchange (Schmidt and Hall, 2002). L1 has been shown to
promote tyrosine phosphorylation of Vav2 protein, one of thewell-
established GEFs for Rac1 and Cdc42 (Abe et al., 2000),
increasing its GEF activity toward Rac1 (Moon and Gomez,
2010). The 5-HT4R has also been shown to activate Rac (Maillet
et al., 2003), suggesting Rac as a possible partner in the 5-HT4R–
L1-mediated intracellular signaling pathway. On the other hand, in
the brain, small GTPases may function in a hierarchical cascade in
which L1-mediated Rac1 activation activates RhoA (Li et al.,
2002), further facilitating the 5-HT4R–RhoA signaling leading to
spine maturation.

In addition, RhoA activation can be regulated by Gαq (Chikumi
et al., 2002; Swenson-Fields et al., 2008), a pathway necessary for
regulation of microtubule dynamics and neuronal growth (Nordman
and Kabbani, 2014). As 5-HT4R-mediated cofilin phosphorylation
and its downstream effects are mediated solely by the Gα13 protein
(Schill et al., 2020), we can suppose that L1 interacts directly with
Gαq to induce RhoA-mediated cofilin-1 phosphorylation, or interacts
with Gαq-coupled receptors, such as 5-HT2R (Cussac et al., 2002).
Functional heterodimerization of the 5-HT2CR (encoded by HTR2C)
with the cell adhesion molecule close homolog of L1 (CHL1) has
been demonstrated in vivo, suggesting that some functions of these
molecules are related to their molecular association (Kleene et al.,
2015). The mechanisms by which L1 modulates cofilin-1
phosphorylation in association with serotonergic signaling have to
be elucidated. Our data are in accordance with previous studies
indicating that deficiency of L1 causes pronounced defects in
synaptic formation and plasticity (Enneking et al., 2013; Kudumala
et al., 2013; Luthi et al., 1994). The evidence of 5-HT4R–L1-
associated morphogenesis is also in line with a previous study
indicating that the morphogenic effect of a homolog of vertebrate L1
(SAX-7) requires its co-ligand MeNoRin (dendritic branching
protein, MNR-1) to exert its instructive function in developing
neuronal dendrites in the model nematode Caenorhabditis elegans
(Dong et al., 2013; Salzberg et al., 2013). In conclusion, we have
demonstrated that the modulatory effect of the 5-HT4R on spine
formation and maturation is dependent on its interaction with cell
adhesion molecule L1. Thus, we have revealed a new mechanism by
which serotonin can function as a modulator of neuronal morphology
via 5-HT4R–L1-mediated signal transduction, which represents a
potential target for the treatment of neurological and
neurodegenerative diseases associated with changes in spine
plasticity.

MATERIALS AND METHODS
Animals
Adult (8-to-12-week old) male and female C57BL/6J micewere used for the
co-IP and immunofluorescence analyses. C57BL/6J pups were used on
postnatal day 0 (P0) for the preparation of dissociated hippocampal cell
cultures. Mice were bred and housed at the animal facility of Hannover
Medical School under controlled temperature (25°C) and photoperiod (12 h/
12 h light/dark cycle), and allowed unrestricted access to standard food and
tap water. This study was conducted in accordance with the German law for
animal protection and with European Communities Council Directive 86/
609/EEC for the protection of animals used for experimental purposes. All
experiments were approved by the Local Institutional Animal Care and
Research Advisory committee and permitted by the local government (84-
02.04.2012.A212, 2017/150, 2018/179).

Fig. 6. 5-HT4R-induced spine formation is L1-dependent. (A)
Representative image of a hippocampal neuron at DIV11. Expression of the 5-
HT4R was observed in the cell body, dendrites and synapses. Dashed boxes
indicate the region shown beneath in high-magnification images that represent
a part of the dendrite where the 5-HT4R (green) colocalizes with L1 (red) at the
synapse. Blue, synaptophysin. (B) Representative images of dendrites with
spines at DIV12 from cells transfected with either shRNA targeting L1
(fluorescence signal shown is mCherry) or control scrambled shRNA
(fluorescence signal shown is RFP), and treated with either BIMU8,
GR113808 (GR) or water as a vehicle control. (C) Quantification of spines with
stubby, thin, mushroom or filopodia morphology for each experimental
condition. Data are presented as mean±s.e.m. (n=3 cultures, at least five
neurons per condition per experiment). *P<0.05; **P<0.01; ***P<0.001; ns, not
significant (ANOVA with Tukey’s post hoc test).
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Fig. 7. L1-mediated synaptogenesis is 5-HT4R independent. (A) Representative images of hippocampal neurons at DIV12 and synapses. Cells were
transfected with constructs for expression of either shRNA targeting L1 (fluorescence signal shown is mCherry) or control scrambled shRNA (fluorescence signal
shown is RFP), and were treated with either BIMU8, GR113808 (GR) or water as a vehicle control. Green, synaptophysin. Dashed boxes indicate regions shown
at higher magnification beneath. (B) Quantification of synaptophysin-positive puncta. Data are presented as mean±s.e.m. The n is indicated in the bars and
represents the total number of dendritic segments/total number of independent cultures. *P<0.05; ***P<0.001; ns, not significant (two-way ANOVAwith Tukey’s
post hoc test).
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Recombinant DNA procedures, shRNA constructs, AAV vectors
The expression plasmids used in this study are listed in Table S1. The
double-stranded shRNA sequences were used to target human Gαs (5′-
gattgaggactactttcca-3′), human Gα13 (5′-gatgatgtcgtttgatacc-3′), and mouse
L1 (5′-tgtaaatacaccgtgactt-3′). One small RNA duplex that has no silencing
effect was used as a control (5′-actaccgttgttataggtg-3′). These sequences
were designed as double-stranded shRNAs according to available protocols
(https://www.invivogen.com/review-sirna-shrna-design), were flanked with
BglII (5′ end) and SalI (3′ end) restriction enzyme recognition sites, and
were chemically synthesized and cloned into a pAAV-Syn(0.5)-RFP-H1-2
vector plasmid (Cell Biolabs Inc., San Diego, USA) under control of the H1-
2 promoter. After cloning, the shRNAs were sequenced, verified, described
and validated (Fig. S2). Mouse-specific shRNA against L1 was subcloned
into the pAAV-Syn(0.5)-mCherry-H1-2 vector (Cell Biolabs Inc.) at the
BglII and SalI restriction sites. Similarly, scrambled shRNAwas subcloned
for use as a control. The resulting plasmids were co-transfected with DJ
vector and pHelper (Cell Biolabs, San Diego, CA) in HEK293 cells (ATCC,
Manassas, USA) using polyethylenimine (PEI, Polysciences, 23966-2,
Warrington, PA). AAVs were collected after 48 h according to a protocol
described previously (Grimm et al., 2003), and then used for experiments in
vitro with dissociated hippocampal neurons at a final concentration of 107

viral particles/µl.

HEK cell culture and transfection
HEK293 cells were cultured in DMEM (Sigma-Aldrich, D5648, Darmstadt,
Germany) supplemented with 10% fetal bovine serum (FBS Superior,
Biochrom, S0615, Berlin, Germany) and 1% penicillin-streptomycin
(5000 U/ml, 15070-063, Thermo Fisher Scientific, Waltham, MA) at
37°C in an incubator humidified with 95% air and 5% CO2. For western

blotting, cells were cultured in 35-mm dishes. For microscopic analysis, cells
were cultured on 18-mm glass coverslips placed in 12-well culture plates.
Transient transfection was performed with Lipofectamine 2000 (Thermo
Fisher Scientific, 11668019) according to the manufacturer’s instructions.

Lux-FRET analysis in living HEK cells
To study the interaction between 5-HT4R and L1, FRET analysis was
performed in living HEK cells. Cells were grown on 18-mm coverslips for
24 h and co-transfected with plasmids encoding mTurquoise2 (mTq2)-
tagged 5-HT4R (5-HT4R–mTq2, donor) and YPet-tagged L1 (L1–YPet,
acceptor) (Table S1). As a negative control, we used constructs encoding
mTq2-tagged CD86 (CD86–mTq2) and YPet-tagged CD86 (CD86–YPet)
(Table S1); CD86 is a monomer and represents an appropriate negative
control in studies analyzing protein–protein interactions by resonance
energy transfer (Bijata et al., 2017; Dorsch et al., 2009; James et al., 2006;
Renner et al., 2012). Twenty-four hours after transfection, cells were imaged
using a Zeiss LSM 780 confocal laser scanning microscope (Jena,
Germany) equipped with an C-Apochromat 40×/1.2 water immersion
objective in Tyrode buffer (pH 7.4; 150 mM NaCl, 5 mM KCl, 1 mM
MgCl2, 2 mM CaCl2, 10 mM HEPES; all from Carl Roth, Karlsruhe,
Germany) by exciting the fluorescent proteins at 440 and 514 nm according
to a previously established protocol (Prasad et al., 2013). To determine the
apparent FRET efficiencies (EfD and EfA) between donor and acceptor, and
the donor mole fraction (xD), the lux-FRET method was used (Zeug et al.,
2012). The predicted apparent FRET efficiency was introduced as EfDA at
xD=0.5, which allows a comparison between different experiments with
varying xD. The EfDA was calculated assuming a standard dimerization
model (Meyer et al., 2006): EfDA=½EfD⁄(1−xD). Reference spectra were
obtained from singly transfected cells expressing either 5-HT4R–mTq2 or
L1–YPet, and reference values for the FRET efficiency of the donor and
acceptor were calculated from images of HEK cells transfected with a
tandem construct consisting of the two fluorophores coupled to each other
by a short linker, mTq2–84–Ypet (Table S1). The data from the FRET-
based experiments were analyzed using MATLAB scripts.

Co-immunoprecipitation in transfected HEK cells and western
blotting
Co-IP with HEK cells co-expressing hemagglutinin (HA)-tagged 5-HT4R
(5-HT4R–HA; Table S1) and eGFP-tagged L1 (L1–eGFP; Table S1) was
performed 24 h after transfection, as described previously (Kobe et al., 2008).
Briefly, cells were washed in phosphate-buffered saline (PBS) and lysed in
1 ml RIPA buffer 1 [150 mM NaCl, 20 mM Tris-HCl pH 7.4, 1% Triton
X-100, 1% deoxycholic acid sodium salt, 10 mM EDTA, 10 mM
iodoacetamide, 1 mM PMSF, 1 mM CLAP (all from Carl Roth) and 0.1%
SDS (Serva)] for 30 min on ice. Lysates were centrifuged at 18,400 g
for 10 min at 4°C. The 5-HT4R–HA or L1–eGFP proteins were
immunoprecipitated from the supernatant by incubation with mouse anti-HA
antibody (F-7, 1:50, sc-7392, Santa Cruz Biotechnology, Dallas, Texas) or
rabbit anti-GFP antibody (1:200, Sigma-Aldrich, AB3080), respectively,
overnight at 4°C. Afterwards, lysates were incubated with protein A-sepharose
(Sigma-Aldrich, P-3391) for 2 h at 4°C. The immunoprecipitate–sepharose
complexes were washed with RIPA buffer 1, eluted with 50 µl Thorner buffer
[8 M urea (Serva), 5% SDS, 40 mM Tris-HCl pH 6.8, 0.1 mM EDTA and
0.4 mg/ml Bromophenol Blue (all fromCarl Roth)], and centrifuged at 16,400
g for 10 min at room temperature. Next, 23 µl of each samplewas separated by
10%SDS–PAGE and subjected towestern blotting. After incubationwith goat
anti-GFP horseradish peroxidase (HRP)-coupled (1:1000, LS-C50850,
LifeSpan BioSciences, Seattle, WA) or rat anti-HA HRP-coupled antibody
(1:500, 12013819001, Roche, Basel, Switzerland), both diluted in 5% non-fat
dry milk in Tris-buffered saline (TBS) supplemented with 0.1% Tween 20
(TBS-T), proteins were visualized with SuperSignal West Femto Maximum
Sensitivity substrate (Thermo Fisher Scientific, 34095) using a Fusion SL
Vilber Lourmat System (Peqlab Biotechnologies GmbH, France).

Co-immunoprecipitation in mouse brain lysates and western
blotting
Co-IP was performed with the hippocampi and prefrontal cortexes of
3-month-old C57BL/6J mice as described previously (Renner et al., 2012).

Fig. 8. Schematic representation of intracellular signaling mediated by
the 5-HT4R–L1 complex. The interaction between 5-HT4R and L1 facilitates
ERK activation and modulates cofilin-1 activity, thereby regulating receptor-
dependent maturation of dendritic spines.
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The mouse brain tissue was homogenized in homogenization buffer (pH
7.4, 10 mM HEPES, 5 mM EGTA, 1 mM EDTA, 320 mM sucrose, 1 mM
PMSF and 1 mMCLAP) as 100 mg tissue/1 ml buffer. Membrane fractions
were prepared by three steps of centrifugation at 4°C: (1) 300 g (10 min), (2)
the supernatants from step 1 at 800 g (10 min), (3) the supernatants from step
2 at 20,817 g (1 h). The pellets were resuspended in 500 µl lysis buffer
(150 mM NaCl, 50 mM Tris-HCl pH 7.4, 5 mM EDTA, 1 mM CLAP,
1 mM PMSF) supplemented with 0.2% Triton X-100, and incubated at 4°C
for 1 h with end-to-end rotation before centrifugation at 20,817 g (1 min).
The anti-L1 antibody (Covance, MMS-172R-500), used in our study for the
immunofluorescence analysis of L1 distribution in cultured hippocampal
neurons and brain cryoslices, has previously been reported to recognize L1
on western blots of whole brain extracts and to immunoprecipitate
mammalian and chick L1 (Lemmon et al., 1989). However, this antibody
has a limitation, because it recognizes a dephosphorylated YRSL motif
(amino acids 1179–1182 of mouse L1) in the cytoplasmic part of L1
(Schaefer et al., 2002). Since a dephosphorylation of L1 at this site induces
its internalization and may also affect interaction with 5-HT4R, in our co-IP
experiments with mouse brain lysates we used the mouse monoclonal anti-
L1 antibody (ab24345, Abcam, Cambridge, UK) that is directed against the
conserved whole cytoplasmic domain of L1 (human and mouse L1 amino
acids 1144–1257). The supernatants (100 µl) were incubated with the
mouse antibody against L1 (1:100, ab24345, Abcam, Cambridge, UK) in
500 µl of lysis buffer at 4°C overnight with end-over-end rotation. Mouse
IgG antibody (1:100, Sigma-Aldrich, I5381) was used as a negative control.
Immunoprecipitation was performedwith 80 µl of Protein G Sepharose 4 Fast
Flow (GE Healthcare, 17-0618-01) suspension at 4°C with end-over-end
rotation for 2 h, followed by centrifugation at 4°C for 1 min at 6000 g. The
pellets werewashed five times with lysis buffer by centrifugation, incubated at
37°C for 20 min with 50 µl Thorner buffer, centrifuged again at room
temperature at 16,400 g for 3 min, and separated by 10% SDS–PAGE. After
western blotting, the membranes were incubated with 5% non-fat dry milk in
TBS-T and then with a rabbit antibody against 5-HT4R (1:500, ASR-036,
Alomone, Jerusalem, Israel) diluted in 5% non-fat dry milk in TBS-T. The
specificity of the anti-5-HT4R antibody was verified using pre-incubation
with a specific blocking peptide (5-HT4R ext. 168–180 Peptide, Alomone,
1:1 in PBS, 2 h at room temperature; Fig. 5B). Visualization was achieved
using the secondary goat anti-rabbit HRP-coupled antibody (1:10,000,
Thermo Fisher Scientific, 31460) and the system described above.

Drugs and treatment
Transfected HEK cells were treated with the 5-HT4R agonist BIMU8 (10 µM,
4374, Tocris, Bristol, UK) or the specific 5-HT4R antagonist GR113808 (GR;
10 µM, 1322, Tocris) for 5 min at 37°C in a 5% CO2 humidified atmosphere.
The simultaneous application of both was used to confirm the specificity of
the agonist. Cells were first incubated with GR113808 for 30 min, then
BIMU8 was applied and the cells incubated for another 5 min. Water was
used as a control. Directly after incubation, the cells were lysed.

For the treatment of dissociated hippocampal neurons, the following
concentrations of agonist and antagonist were used: 100 nM BIMU8 and
100 nM GR113808. Drugs were added to cultures starting from in vitro day
7 (DIV7) and each following day until DIV14. Water was used as a control.
On DIV14, cells were fixed and subjected to immunofluorescence analysis.

ERK and cofilin phosphorylation assays in transfected HEK cells
To determine the significance of the 5-HT4R–L1 interaction for ERK and
cofilin phosphorylation, HEK cells co-transfected with 5-HT4R–mCherry
and L1–eGFP were treated as described above. Directly after treatment, cells
were washed once with PBS and lysed in RIPA buffer 2 (137 mM NaCl,
20 mM Tris-HCl pH 7.5, 25 mM β-glycerophosphate, 1 mM sodium
orthovanadate, 1% Triton X-100, 50 mM sodium fluoride, 1% deoxycholic
acid sodium salt, 2 mM EDTA, 1 mM PMSF and 1 mM CLAP). After
collection and centrifugation, the supernatants were heated with loading
buffer supplemented with 5% β-mercaptoethanol at 56°C for 10 min,
separated by 12% SDS–PAGE and subjected to western blotting. Non-
specific binding was blocked with 5%BSA in TBS-T. The following primary
antibodies were applied overnight at 4°C: rabbit anti-Erk1/2 (1:2000, 9102,
Cell Signaling, Danvers, MA) or rabbit anti-pErk1/2 (1:2000, 9101, Cell

Signaling), both diluted in 5% BSA in TBS-T; mouse anti-GAPDH
(1:10,000, GTX 627408, Gene Tex, Irvine, CA) or goat anti-mCherry
(1:1000, AB0040-200, SICGEN Antibodies, Cantanhede, Portugal), both
diluted in 5% non-fat milk in TBS-T.

To analyze the role of Gαs protein in ERK phosphorylation induced by
the interaction between 5-HT4R and L1, we used shRNA against the human
Gαs subunit and scrambled shRNA as a control (Table S1). HEK cells were
co-transfected with 5-HT4R–mCherry, L1–eGFP and shRNA, and analyzed
as described above. To analyze the role of the Gα13 subunit in cofilin
phosphorylation induced by the interaction between 5-HT4R and L1, we
used shRNA against human Gα13 and scrambled shRNA as a control
(Table S1). Here, cofilin phosphorylation was identified using the following
antibodies: rabbit anti-Cofilin-1 (1:4000, Cell Signaling, 5175S) or rabbit
anti-pCofilin (1:4000, Cell Signaling, 3311S), both diluted in 5% BSA in
TBS-T. Visualization was performed with the appropriate secondary goat
anti-rabbit (1:10,000, Thermo Fisher Scientific, 31460), rabbit anti-mouse
(1:10,000, Thermo Fisher Scientific, 31455), or rabbit anti-goat (1:10,000,
Thermo Fisher Scientific, 31402) HRP-coupled antibodies diluted in 5% non-
fat milk in TBS-T using the system described above. During the quantification
analysis, we first normalized ERK and cofilin-1 protein expression to
GAPDH levels detected in the same blot. The same strategywas applied to the
pERK and pCofilin. The values, obtained after initial normalization were then
used to calculate ERK:pERK and Cofilin:pCofilin ratios.

Culturing, AAV infection and transfection of hippocampal
neurons
Mouse primary hippocampal neurons were prepared according to an
optimized protocol for mouse hippocampal neurons (Guzman et al., 2010).
Brains were isolated from C57BL/6J mice of both sexes on P0 to P3 under
sterile conditions and placed in HBSS (Thermo Fisher Scientific, 24020).
Hippocampi were dissected from the brain under a stereomicroscope (Leica
S6 D Stereozoom 0.63×–4.0×; Wetzlar, Germany) and enzymatically
dissociated by incubation for 20 min at 37°C in DMEM (Thermo Fisher
Scientific, 31966-021) containing 10 U/ml papain (Worthington, 3126,
Lakewood, NJ), 50 mM EDTA, 100 mM CaCl2, and 2 mg/ml cysteine
(Sigma-Aldrich, C-7352). After incubation, enzyme dissociation was
blocked by incubation for 5 min at room temperature with 10% FBS
medium (10% FBS, 0.2% penicillin-streptomycin in DMEM) supplemented
with 25 mg/ml albumin (Sigma-Aldrich, A-4503) and 25 mg/ml trypsin
inhibitor (Sigma-Aldrich, T-9253). The cells were then gently mechanically
resuspended in 10% FBS medium and plated onto 18-mm coverslips coated
with 0.2 mg/ml Poly-D-lysine hydrobromide (Sigma-Aldrich, P6407) in
0.1 M borate buffer (pH 8.5). Cultures were maintained at 37°C in an
incubator humidified with 95% air and 5% CO2 in Neurobasal A medium
(Thermo Fisher Scientific, 10888-022) supplemented with 2% B-27
Supplement (Thermo Fisher Scientific, 17504-044), 1% GlutaMAX
(Thermo Fisher Scientific, 35050-061), 0.2% penicillin-streptomycin, and
0.1% MITO (BD, 355006, Bedford, MA). Neurons were infected on DIV2
with 1 µl AAV per well, which contained constructs expressing either
scrambled shRNA and RFP (pAAV_H1_shRNA-Scramble_RFP), or L1
shRNA and mCherry (pAAV_H1_shRNA-mouse_L1_mCherry). Half of
the medium was changed on DIV2 and again subsequently every 5th day.
Transient transfection in rescue experiments was performed with L1–eGFP
or pmax–GFP (Table S1) on DIV7 using Lipofectamine 2000 (Thermo
Fisher Scientific), according to the manufacturer’s instructions, for 1 h.
Morphological analysis (number of stubby, thin, mushroom and filopodia
spines; number of synapses) was performed on DIV12 of culture when
functional synapses are formed (Kobe et al., 2012).

Immunofluorescence in dissociated hippocampal cell culture
and quantification analysis of synapses
To analyze 5-HT4R and L1 distribution in dissociated hippocampal neurons,
cultured cells were fixed with 4% paraformaldehyde (PFA) for 10 min at
room temperature on DIV12 and permeabilized with pre-cooled methanol
(−20°C) for 3 min. After blocking non-specific binding sites with 3% BSA
(Carl Roth) diluted in PBS for 30 min at room temperature, primary
antibodies rabbit polyclonal anti-5-HT4R (1:100, C12017, Assay
Biotechnology, Sunnyvale, CA), mouse monoclonal anti-L1 (1:200,
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Covance, MMS-172R-500) and goat polyclonal anti-synaptophysin (1:50,
Santa Cruz Biotechnology, sc-7392) diluted in PBS containing 3% BSA
were applied overnight at 4°C. After washing with PBS, appropriate
secondary antibodies were applied at room temperature for 30 min: donkey
anti-rabbit DyLight 405-conjugated (Jackson ImmunoResearch, 711-475-
152), donkey anti-mouse DyLight 649-conjugated (Jackson
ImmunoResearch, 715-495-151) and donkey anti-goat Alexa Fluor 488-
conjugated (Jackson ImmunoResearch, 705-545-147) antibodies diluted
1:400 in PBS containing 3% BSA. After subsequent washing with PBS, the
coverslips were mounted in Fluoromount G anti-quenching medium and
subjected to imaging analysis using a confocal microscope (Zeiss LSM 780)
with a 40× or 63× oil-immersion objective. To analyze the number of
synaptic clusters, synaptophysin-positive puncta were calculated along the
dendrites of neurons infected with AAV encoding either shRNA against L1
or scrambled shRNA. At least five neurons (50 dendritic segments) from
three independent cultures were used for each treatment protocol. Proximal
dendritic segments were analyzed from both primary and secondary
dendrites at distances between 30–100 µm from the cell body. The number
of synaptophysin-positive puncta was calculated per 50 µm of the entire
dendritic length. All experiments were performed in a double-blind manner
(i.e. investigators were blinded to AAV infection and treatment) to avoid any
subjective influences during the measurements.

Western blotting and qPCR in dissociated hippocampal cell
culture
To test the efficiency of the shRNA against mouse L1, cultured hippocampal
neurons were infected with shRNA L1 or shRNA scrambled on DIV2. On
DIV12, cell cultures were washed once with PBS and lysed in MAP-Kinase
lysis buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.5, 1 mM sodium
orthovanadate, 1% Triton X-100, 0.1% SDS, 50 mM sodium fluoride, 0.5%
deoxycholic acid sodium salt, 10 mM disodium dihydrogen pyrophosphate,
1 mM PMSF and 1 mM CLAP). After collection and centrifugation, the
supernatants were heated with loading buffer supplemented with 5%
β-mercaptoethanol at 95°C for 10 min, separated by 10% SDS–PAGE and
subjected to western blotting. Non-specific binding was blocked with 5% non-
fat milk in TBS-T. The following primary antibodies were applied overnight at
4°C: mouse anti-L1 (1:1000, Abcam, ab24345) and rabbit anti-βIII-tubulin
(1:2000, 802001, BioLegend, SanDiego, CA), both diluted in 5%milk in TBS-
T. Visualization was performed with rabbit anti-mouse HRP-conjugated
(Thermo Fisher Scientific, 31455) or goat anti-rabbit HRP-conjugated (Thermo
Fisher Scientific, 31460) antibodies, both diluted 1:5000 in 5%milk in TBS-T.

For the real-time quantitative PCR (qPCR) analysis, the total RNA from
cultured hippocampal neurons was isolated with an RNeasy Plus Mini Kit
(74136, Qiagen, Hilden, Germany), and cDNA was synthetized using
SuperScript III First-Strand (Invitrogen, 18080-051, Waltham, MA).
Expression analysis was performed on a StepOnePlus real-time PCR
system (Applied Biosystems, Darmstadt, Germany) using TaqMan
Universal PCR Master Mix (Applied Biosystems, 4324018, Warrington,
UK). For the detection of L1 (L1cam) mRNA, gene-specific forward (5′-
TGCTCATCCTCTGCTTCATC-3′) and reverse (5′-CCTTCTCTTCATTG-
TCACTCTCC-3′) primers and probe (5′-AAGGTCTCGTCTTTCATGGG-
CCG-3′ with reporter 6-FAM/TAMRA) were used. As a housekeeping gene
we used Gapdh, and used gene-specific forward (5′-TGCACCACCAACT-
GCTTAGC-3′) and reverse (5′-GGCATGGACTGTGGTCATGAG-3′)
primers, and probe (5′-CCCTGGCCAAGGTCATCCATGACAAC-3′ with
reporter 6-FAM/TAMRA). Analysis was performed by using ΔΔCt method
according to the procedure described at https://www.thermofisher.com/
content/dam/LifeTech/global/Forms/PDF/real-time-pcr-handbook.pdf.

Preparation of mouse brain tissue for morphological analysis
Mice were anesthetized using CO2 and transcardially perfused with 4%
formaldehyde in 0.1 M sodium cacodylate buffer (pH 7.3). The brain was
removed, post-fixated overnight at 4°C, and then immersed in 15% sucrose
solution in 0.1 M cacodylate buffer (pH 7.3) overnight at 4°C, followed by
30% sucrose in 0.1 M cacodylate buffer overnight at 4°C. Afterwards, the
tissue was frozen for 2 min in 2-methyl-butane (isopentane; Carl Roth)
precooled to −30°C. For sectioning, the brain was attached to a cryostat
specimen holder using TissueTek (Sakura Finetek Europe, Zoeterwoude,

The Netherlands). Serial sections 20 µm thick were cut on a cryostat
(Microm HM 560 M, Thermo Fisher Scientific, Walldorf, Germany) and
transferred to SuperFrostPlus glass slides (Thermo Fisher Scientific). The
sections were air-dried at least overnight at room temperature and subjected
further to immunofluorescence analysis.

Immunofluorescence in the mouse brain
Brain cryosections were washed with PBS, and antigen retrieval was
performed by immersion in 0.01 M sodium citrate solution (pH 9.0) and
heating to 80°C in a water bath for 30 min. Blocking of non-specific binding
sites was performed using PBS containing 5%normal donkey serum (Jackson
ImmunoResearch Laboratories, 017-000-121), 0.1% Triton X-100 (Sigma-
Aldrich, 93427) and 0.02% sodium azide (Merck, Darmstadt, Germany) for
1 h at room temperature. Incubation with rabbit polyclonal anti-5-HT4R
(1:200; SA9106, Synaptic System, Göttingen, Germany) produced by the
company at our request via rabbit immunization with a synthetic peptide that
corresponds to the C-terminal sequence of the 5-HT4aR isoform, amino acids
His364 to Pro380 (Manzke et al., 2003), or mouse monoclonal anti-L1 (1:200,
Covance, MMS-172R-500) diluted in PBS was carried out for 3 days at 4°C.
After washing in PBS, appropriate secondary antibodies were applied for 2 h
at room temperature: donkey anti-rabbit Alexa Fluor 488-conjugated (Jackson
ImmunoResearch, 711-545-152) and donkey anti-mouse DyLight 549-
conjugated (Jackson ImmunoResearch, 715-505-151), both diluted 1:200 in
PBS. After subsequent washing in PBS, cell nuclei were visualized with bis-
benzimide solution (Hoechst 33258 dye, 5 µg/ml in PBS; Sigma-Aldrich).
Finally, the sections were mounted in anti-quenching medium (Fluoromount
G, Southern Biotechnology Associates, Biozol, Eching, Germany) and
subjected to microscopic analysis using a fluorescence microscope (Zeiss
Axiovert 200 M; Göttingen, Germany) with 20× and 40× air objectives.

Statistical analysis
All statistical analyses were performed using GraphPad Prism 7 (La Jolla
California USA; https://www.graphpad.com/) with the indicated statistical
methods in the figure legends. The data are presented as mean±s.e.m. In
FRET experiments, the total number of cells and total number of
independent cultures are indicated in the bars, and statistical analysis
between two groups was performed with unpaired two-tailed Student’s
t-tests. In western blotting experiments, the intensity of bands was quantified
using ImageQuantTL v8.1 (Freiburg, Germany) software, and cell lysates
from at least three independent HEK cell cultures were taken for the
statistical analysis using two-way ANOVA with Tukey’s post hoc test. In
dissociated hippocampal neurons, images of at least five neurons (20
dendritic segments) per treatment per AAV infection (plasmid transfection)
were performed, and the total number of dendritic segments and total
number of independent cultures were indicated in the bars. Morphological
data (number of spines and number of synapses) from three independent
cultures were compared using two-way ANOVAwith Tukey’s post hoc test.
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Figure S2. Validation of shRNAs against mouse L1 and human Gαs or Ga13 genes. (A-H)

Western blot analysis. (A and B) Validation of the capability of shRNA (#1, #2, #3, #4, #5) to

silence human Gαs in HEK cells. (C and D) Validation of the capability of shRNA to silence

human Gα13 in HEK cells. (E and F) Four different double-stranded shRNAs were used to target

mouse endogenous L1 (#1, #2, #3, #4) in N1E cells. (G-I) Validation of the capability of shRNA

to target mouse endogenous L1 in cultures of hippocampal neurons. (G and H) Western Blot

analysis, (I) qPCR analysis. One small RNA duplex with no silencing effect was used as a control

(Scr). Data are presented as mean ± SEM (n=3, t test). *P<0.05, **P<0.01, ***P<0.001.
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Figure S3. Full-size WB membrane, and SDS-PAGE indicating L1-eGFP fluorescence. (A) Co-IP
with HEK cells, Fig. 1D. (B) HEK cells, ERK/pERK experiments, Fig. 2A.
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Figure S5. 5-HT4R-induced spine formation is L1-dependent – rescue experiments. (A) 
Representative images of dendrites with spines of neurons infected with shRNA against L1 at 
DIV12 in rescue experiments with L1-eGFP or pmax-GFP. (B) Quantification of spines with 
stubby, thin, mushroom, and filopodia morphology (n=3 cultures, at least 5 neurons per 
condition per experiment, ANOVA with Tukey’s post hoc test). Data are presented as mean ± 
SEM. *P<0.05, **P<0.01, ***P<0.001.
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Table 1. Plasmids and AAV constructs 

Construct Abbreviation in text Application 

5-HT4R-mTq2 HEK cells, Lux-FRET 

CD86-mTq2 HEK cells, Lux-FRET

L1-YPet HEK cells, Lux-FRET

CD86-YPet HEK cells, Lux-FRET

Tandem construct pC1_mTq2-84-Ypet HEK cells, Lux-FRET

5-HT4R-HA HEK cells, Co-IP 

L1-eGFP HEK cells, Co-IP 

WB: ERK/pERK, Cofilin 
/pCofilin 

5-HT4R-mCherry WB: ERK/pERK, Cofilin 
/pCofilin 

pAAV_H1_shRNA-human- GαS_RFP shRNA GαS WB: ERK/pERK 

pAAV_H1_shRNA-Scramble_RFP shRNA Scrambled WB: ERK/pERK, 
Hippocampal cell culture 

pAAV_H1_shRNA-mouse_L1_mCherry shRNA L1 Hippocampal cell culture 

Hippocampal cell culture 
(Rescue experiments) 

pmax-GFP pmaxGFP® Vector (Lonza) 

mCherry(C-Term)-tagged 5-HT4R in 
pcDNA3.1(+) vector 

eGFP(C-Term)-tagged L1 in pcDNA3.1(+) 
vector 

HA(N-Term)-tagged 5-HT4R in pcDNA3.1(+) 
vector 

YPet(C-Term)-tagged CD86 in pcDNA3.1(+) 
vector 

YPet(C-Term)-tagged L1 in pcDNA3.1(+) 
vector 

mTurquoise2(C-Term)-tagged CD86 in 
pcDNA3.1(+) vector 

mTurquoise2(C-Term)-tagged 5-HT4R in 
pcDNA3.1(−) vector 
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